Introduction {#Sec1}
============

Metals are known to induce oxidative stress in the plants (Singh et al. [@CR34], [@CR35]). Chromium (Cr), a transition metal, contaminates both the soil and water ecosystems in the disposal areas (Sinha et al. [@CR38]). It has been demonstrated to induce oxidative stress through formation of free-radicals and reactive oxygen species (ROS; Stohs and Bagchi [@CR41]) and causes plant membrane damage, ultra-structural changes in organelles, impaired metabolic activities and growth retardations (Kimbrough et al. [@CR13]). To eliminated or reduce such damaging effects, the plant defense system is equipped with both enzymatic and non enzymatic mechanisms to scavenge free radicals (Foyer and Nocter [@CR6]). Anti-oxidative enzymes include superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT) and antioxidant compounds include glutathione (GSH), cysteine, non-protein thiols (NPSH), ascorbic acid and cartenoids, etc. (Larson [@CR15]). Cell oxidative stress levels are determined by the amounts of ^•^O^2−^, H~2~O~2~ and ^•^OH radicals (Foyer and Nocter [@CR6]). The balance between free radical generation and free radical defense are crucial for the survival of the plant. The response of these anti-oxidative enzymes and anti-oxidants to metal stress varies among the plant species and the metal involved (Mazhoudi et al. [@CR18]).

Metal-induced oxidative stress in the plants has generally been studied through their biochemical responses and interpreted in terms of their variation trends and patterns as observed through conventional visual perception (Schutzendubel et al. [@CR30]). Interpretation and conclusions reached through such an approach are most of the times unclear and less conclusive due to complex nature of biochemical responses and their inter-relationships. The traditional data analysis techniques are oriented primarily toward the extraction of quantitative data characteristics, and as such have inherent limitations. These techniques cannot produce conceptual descriptions of dependencies among data items or explain reasons for existing dependencies (Michalski [@CR19]).

Multivariate methods such as cluster analysis (CA), discriminant analysis (DA), principal component analysis (PCA)/factor analysis (FA), and discriminant partial-least squares (DPLS) modeling have been emerging fast as unbiased tools for the analysis and interpretation of the complex datasets (Simeonov et al. [@CR32], Singh et al. [@CR33]). These techniques have proven to be efficient methods for analyzing large datasets with complex inter-relationships among the variables and have successfully been applied to various, environmental, chemical, biological, and ecotoxicological case studies (Mujunen et al. [@CR20]; Andren et al. [@CR1]; Palmborg et al. [@CR25]; Singh et al. [@CR33], [@CR36]: Sinha et al. [@CR39]). In addition to the two-way approaches, multi-way component analysis techniques such as parallel factor analysis (PARAFAC) and Tucker methods have added advantage while dealing with multi-mode data sets.

Here, we report the application of multivariate techniques (CA, DA, PCA/FA, DPLS) to analyze and interpret the chromium-induced oxidative stress and biochemical responses in the plants of *P. stratiotes*, a free floating aquatic macrophyte, known for food and medicinal values. The metal accumulation and induced toxic effects in the plants of *P. stratiotes* have been reported earlier (Sinha et al. [@CR37]). The paper demonstrates as how the multivariate techniques could be successfully employed to extract chemical information from a biological system and to understand the complex relationships among various biochemical variables in the plant tissues.

Materials and methods {#Sec2}
=====================

Plant material and experimental setup {#Sec3}
-------------------------------------

The plants of *P. stratiotes* were obtained from Environmental field laboratory, National Botanical Research Institute, Lucknow (India) and were grown in acid washed sand in tubs (75 cm diameter × 30 cm height) for 2 months. The plants were uprooted and acclimatized in 250 ml beaker containing 200 ml of 10% Hoagland's solution for 2 weeks under laboratory conditions to obtain healthy plants having well-developed roots. The plants with almost same biomass (2.75--3.25 g fresh weight) were treated (three replicates) with different concentrations (0, 10, 40, 80,160 μM) of Cr(VI) supplied as K~2~Cr~2~O~7~ (E. Merck, Germany) prepared in 10% Hoagland's solution and denoted as C0 (control), C1, C2, C3, and C4, respectively. All the experiments were performed under standard physiological conditions providing 14 h per day fluorescent light of 114 μmol m^−2^ s^−1^ intensity at 26 ± 2°C temperature. The treatment duration was 48 h (E1), 96 h (E2) and 144 h (E3), respectively. After harvesting, these plants were used for the determination of metal accumulation and various biochemical parameters in their roots and shoots separately.

Metal accumulation {#Sec4}
------------------

The plants were thoroughly washed with tap and double distilled water. The roots and leaves of the plants were separated manually, dried in an oven at 80°C for 1 week. The dried plant tissues were digested in HNO~3~ (70%) using Microwave Digestion System MDS 2000 and Cr content was estimated by GBC Avanta ∑Atomic Absorption Spectrophotometer using air--acetylene gases at 357.9 nm.

Malondialdehyde content {#Sec5}
-----------------------

The level of lipid peroxidation (LPO) in the roots and leaves was measured in terms of malondialdehyde (MDA) content following the method of Heath and Packer ([@CR8]).

Estimation of antioxidants {#Sec6}
--------------------------

The plant tissues (200 mg of roots and leaves) were homogenized in 2 ml of 100 mM potassium phosphate buffer, pH 7.5 containing 1 mM of EDTA and 1% (w/v) polyvinylpyrrolidone (PVP). The homogenate was centrifuged at 12,000 rpm for 15 min at 4°C. All steps in the preparation of enzyme extract were carried out at 0--4°C. This supernatant was used to measure the activities of superoxide dismutase, ascorbate peroxidase (APX) and peroxidase.

The activity of superoxide dismutase (SOD) in the roots and leaves of the plant was assayed following the method of Nishikimi and Rao ([@CR22]). APX activity was measured in the roots and leaves of the plant by the method of Nakano and Asada ([@CR21]). Guaiacol peroxidase (GPX) was measured in the plant parts following the method of Curtis ([@CR3]), modified by Kato and Shimizu ([@CR11]). Carotenoid content from the leaves (50 mg) of the plant was extracted using 80% chilled acetone and estimated by the method of Duxbury and Yentsch ([@CR4]). Free cysteine content in the roots and leaves of the plants (250 mg each) was measured by the method of Gaitonde ([@CR7]). Non-protein thiol (NP-SH) content in the roots and leaves (250 mg each) of the plant was measured recording the absorbance at 412 nm with Ellman's reagent (Ellman [@CR5]). Ascorbic acid content in the roots and leaves (50 mg each) of the plant was estimated by the method of Keller and Schwager ([@CR12]).

Chlorophyll and protein contents {#Sec7}
--------------------------------

For the estimation of chlorophyll (leaves) and protein (leaves and roots) contents, the blotted fresh parts of the plants were used. Total chlorophyll content in the leaves (100 mg) of the plants was estimated by the method of Arnon ([@CR2]). Protein content in the roots and leaves was measured by the method of Lowry et al. ([@CR16]).

All the biochemical parameters were estimated spectrophotometrically using a computer controlled pre-calibrated GBC Cintra 10~e~ UV--Visible spectrophotometer (Victoria, Australia) equipped with a 1 cm path length quartz cell.

Multivariate modeling {#Sec8}
---------------------

The root and shoot datasets used for multivariate modeling were comprised of 9 (Cr-accumulation, MDA, protein, SOD, APX, GPX, ascorbic acid, cysteine, and NP-SH) and 11 (Cr-accumulation, MDA, protein, SOD, APX, GPX, ascorbic acid, cysteine, NP-SH, carotenoids and chlorophyll) variables, respectively. For combined (root and shoot) dataset, nine variables common for both the root and shoot tissues were used. The multivariate data modeling was performed using Statistica 7.0 and N-way toolbox for MATLAB.

Hierarchical agglomerative CA was performed on the normalized data set by means of the Ward's method, using squared Euclidean distances as a measure of similarity. The linkage distance is reported as *D*~link~/*D*~max~, which represent the quotient between the linkage distance for a particular case divided by the maximal distance, multiplied by 100 as a way to standardize the linkage distance represented on y-axis (Simeonov et al. [@CR32]; Singh et al. [@CR33], [@CR36]).

Principal component analysis/factor analysis attempts to explain the variance of a large set of inter-correlated variables and transforming into a smaller set of independent (uncorrelated) variables (principal components). PCA of the normalized variables was performed to extract significant PCs and to further reduce the contribution of variables with minor significance; these PCs were subjected to varimax rotation generating verifactors (VFs).

DA is used to determine the variables, which discriminate between two or more naturally occurring groups. It constructs a discriminant function (DF) for each group (Singh et al. [@CR33], [@CR36]). In the linear discriminant analysis (LDA), the DF is computed (Lambrakis et al. [@CR14]) as;$$\documentclass[12pt]{minimal}
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\begin{document}$$ {\text{DF }} = B_{0} + B_{1} X_{1} + B_{2} X_{2} + \cdot \cdot \cdot + B_{p} X_{p} $$\end{document}$$where *X*~1~, *X*~2~,..., *X*~*p*~ are the values of the independent variables, and *B*~0~, *B*~1~,..., *B*~*p*~ are the coefficients estimated from the data.

Discriminant partial least squares (DPLS) analysis aims to find the variables and directions in multivariate space, which discriminate the known classes in calibration set. Here DPLS analysis was performed to clarify difference between the responses of root and shoot tissues against the metal-stress (Singh et al. [@CR36]).

Multi-way component analysis {#Sec9}
----------------------------

Multi-way analysis of data having multi-way structure can provide more in-depth and relevant information for the interpretation of the results (Pardo et al. [@CR26]). The data were arranged in three-way array, *X*, of dimensionality, metal concentrations × biochemical variables × exposure durations. Tucker3 model was used for multi-way analysis of the data. The three-way Tucker3 model decomposes the original three-way data array, ***X*** (*I* × *J* × *K*) in to three loadings matrices, **A** (*I* × *P*), **B** (*J* × *Q*) and **C** (*K* × *R*), as below (Henrion [@CR10]);$$\documentclass[12pt]{minimal}
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where a~*ip*~, b~*jq*~, and c~*kr*~ are elements of the loadings matrices, **A**, **B**, and **C.** respectively; g~*pqr*~ denotes the elements (*p*, *q*, *r*) of the core array **G** (*P* × *Q* × *R*), and e~*ijk*~ is the error term of the *X* data array. *P*, *Q*, and *R* are the number of factors extracted from the three different modes.

Results and discussion {#Sec10}
======================

The concentration and exposure responses of chromium accumulation in the roots and shoots of the plant of *P. stratiotes* are presented in Tables [1](#Tab1){ref-type="table"}, [2](#Tab2){ref-type="table"}. Variations of the measured biochemical parameters in the roots and shoots of the Cr-exposed plants at different concentrations and durations were evaluated through the Spearman *R* coefficient as a non-parametric measure of the correlation between Cr-accumulation and biochemical parameters. The results showed that protein (*R* = −0.86), SOD (*R* = −0.61), ascorbic acid (*R* = 0.64), cysteine (*R* = −0.80), GPX (*R* = 0.66), carotenoid (*R* = −0.85) and chlorophyll (*R* = −0.89) in shoots and APX (*R* = 0.63), cysteine (0.72) and protein (*R* = −0.87) in the roots were found significantly (*p* \< 0.01) correlated with the respective Cr-accumulation. These correlations can be interpreted in view of the established biochemical pathways in the plant systems (Romero-Puertas et al. [@CR28]; Yu et al. [@CR44]) The plant biochemical data were further subjected to different multivariate modeling techniques.Table 1Accumulation and effect of chromium on biochemical parameters in the root tissues of *P. stratioites* (Sinha et al. ([@CR37]))Chromium concentration (μM)Exposure duration (h)Protein (mg/g fw)MDA (μM/g)Cysteine (μM/g)NP-SH (μM/g)04814.81 ± 0.264.10 ± 0.3837.85 ± 1.9442.27 ± 1.879614.32 ± 0.354.60 ± 0.6038.34 ± 0.7944.52 ± 1.9814414.63 ± 0.315.20 ± 1.0935.83 ± 0.6743.56 ± 0.89104815.31 ± 0.436.73 ± 0.0843.76 ± 1.3342.79 ± 0.509612.67 ± 0.268.51 ± 0.8553.73 ± 2.0447.52 ± 1.0714412.04 ± 0.429.66 ± 0.6861.91 ± 0.5652.59 ± 1.46404811.53 ± 0.387.77 ± 0.1846.98 ± 1.7544.82 ± 1.909611.19 ± 0.1610.07 ± 0.4967.51 ± 4.6454.76 ± 2.1014410.47 ± 0.436.65 ± 0.9160.13 ± 0.5966.91 ± 2.30804810.02 ± 0.497.89 ± 0.7647.75 ± 1.2145.58 ± 0.559610.27 ± 0.177.49 ± 0.4160.03 ± 2.8863.14 ± 2.481449.20 ± 0.655.79 ± 0.8858.68 ± 0.4540.12 ± 1.54160489.73 ± 0.629.57 ± 1.5452.42 ± 0.6551.81 ± 3.19968.05 ± 0.196.64 ± 0.3359.79 ± 3.5344.16 ± 4.171446.46 ± 0.305.48 ± 0.7655.75 ± 2.1934.69 ± 1.35Chromium concentration (μM)Exposure duration (h)Ascorbic acid (Μg/g)SOD (unit/g)APX (μM/min/g)Cr-accumulation (μg/g dw)048138.64 ± 7.5836.53 ± 2.10188.91 ± 3.56--96142.24 ± 2.4634.82 ± 0.93198.26 ± 2.26--144128.54 ± 2.8734.45 ± 2.31210.52 ± 4.72--1048157.14 ± 10.8636.79 ± 2.25219.72 ± 19.2893.23 ± 4.3196165.63 ± 6.3946.42 ± 5.01246.54 ± 8.55157.29 ± 16.30144139.86 ± 4.4044.67 ± 0.29261.11 ± 29.37297.64 ± 24.754048158.41 ± 9.5233.26 ± 1.73272.46 ± 20.38134.14 ± 10.9496176.46 ± 11.2547.70 ± 1.86255.41 ± 6.41181.93 ± 9.39144162.97 ± 6.3846.25 ± 0.13282.66 ± 20.04375.53 ± 22.848048177.38 ± 8.1831.70 ± 1.70312.45 ± 22.31230.61 ± 10.7796162.15 ± 11.1447.75 ± 2.30301.15 ± 10.06243.48 ± 21.37144133.01 ± 13.1740.55 ± 0.64294.60 ± 6.10383.54 ± 26.1116048182.91 ± 6.0534.59 ± 3.51349.92 ± 6.79256.72 ± 15.4096131.10 ± 2.2444.34 ± 4.13245.61 ± 4.07665.54 ± 47.39144129.70 ± 4.7934.60 ± 1.35284.84 ± 7.97846.77 ± 27.94All the values are expressed as mean  ± SD of three replicatesTable 2Accumulation and effect of chromium on biochemical parameters in the shoot tissues of *P. stratioites* (Sinha et al. ([@CR37]))Chromium concentration (μM)Exposure duration (h)Protein (mg/g fw)MDA (μM/g)Cysteine (μM/g)NP-SH (μM/g)Ascorbic acid (μg/g)SOD (unit/g)04815.87 ± 0.854.34 ± 0.6722.76 ± 0.8123.47 ± 0.8886.83 ± 2.7428.17 ± 0.709615.44 ± 0.494.65 ± 0.8221.72 ± 0.8324.66 ± 0.4790.60 ± 5.5627.70 ± 2.0414415.32 ± 0.314.21 ± 0.7422.40 ± 0.5924.49 ± 1.7283.52 ± 3.0132.43 ± 2.17104820.48 ± 0.265.12 ± 0.2940.43 ± 0.2325.66 ± 1.7288.78 ± 4.1432.33 ± 3.209615.43 ± 0.267.99 ± 0.2715.61 ± 0.3730.35 ± 0.77117.38 ± 7.9429.45 ± 0.7714415.05 ± 0.428.12 ± 0.5216.13 ± 0.5529.59 ± 1.70123.40 ± 11.5839.62 ± 2.15404816.92 ± 0.247.68 ± 0.7227.38 ± 0.7422.35 ± 0.24110.29 ± 5.0023.30 ± 2.429614.81 ± 0.529.55 ± 2.1215.17 ± 0.1854.76 ± 2.10139.35 ± 15.3123.74 ± 1.1214414.43 ± 0.436.35 ± 0.5814.75 ± 0.2025.65 ± 0.70157.62 ± 9.1229.61 ± 1.65804813.26 ± 0.227.75 ± 0.6522.47 ± 0.5221.27 ± 0.81117.05 ± 6.1919.41 ± 0.329614.39 ± 0.447.09 ± 0.6114.14 ± 0.7941.84 ± 0.57161.57 ± 11.8621.77 ± 0.5514412.30 ± 0.655.14 ± 0.1714.28 ± 0.3921.45 ± 1.65119.39 ± 13.4225.52 ± 0.46160489.85 ± 0.938.63 ± 0.6219.78 ± 0.6320.12 ± 0.96129.07 ± 12.5519.20 ± 0.629610.98 ± 0.314.71 ± 0.558.51 ± 0.3935.48 ± 1.16127.89 ± 4.9821.43 ± 0.451448.67 ± 1.374.94 ± 0.239.71 ± 0.3419.38 ± 0.5597.04 ± 4.8217.55 ± 1.84Chromium concentration (μM)Exposure duration (h)APX (μM/min/g)Carotenoid (mg/g fw)T. Chl (mg/g fw)Cr-accumulation (μg/g dw)048105.60 ± 5.120.285 ± 0.030.896 ± 0.03--96109.28 ± 8.380.286 ± 0.010.893 ± 0.02--144111.47 ± 8.380.275 ± 0.010.895 ± 0.03--1048110.17 ± 15.480.345 ± 0.021.060 ± 0.0824.32 ± 2.7496111.75 ± 9.230.289 ± 0.010.861 ± 0.0225.90 ± 1.05144123.34 ± 2.680.267 ± 0.010.799 ± 0.0442.93 ± 5.734048116.87 ± 8.520.299 ± 0.030.899 ± 0.0142.23 ± 3.6496135.96 ± 14.610.264 ± 0.020.792 ± 0.0362.33 ± 3.19144101.19 ± 5.590.252 ± 0.010.690 ± 0.0586.59 ± 4.858048135.85 ± 15.890.277 ± 0.010.808 ± 0.0163.45 ± 3.299695.63 ± 5.670.256 ± 0.020.754 ± 0.0481.79 ± 8.2214498.06 ± 7.060.237 ± 0.030.635 ± 0.02106.16 ± 5.5916048137.72 ± 5.650.244 ± 0.030.699 ± 0.0372.48 ± 4.69689.63 ± 6.700.229 ± 0.020.707 ± 0.02211.63 ± 11.4714490.69 ± 6.870.216 ± 0.040.511 ± 0.02296.88 ± 18.60All the values are expressed as mean ± SD of three replicates

Cluster analysis {#Sec11}
----------------

Cluster analysis (CA) was performed to identify the root and shoot responses for the Cr-induced oxidative stress in respective tissues on the basis of similarities/dissimilarities in their biochemical responses. CA rendered a dendrogram (Fig. [1](#Fig1){ref-type="fig"}), where all the fifteen combinations (concentrations and durations) corresponding to the root and shoot tissues of the plant were fairly grouped into two statistically significant clusters at (*D*~link~/*D*~max~) × 100 \< 60. The clustering procedure generated two groups (shoots and roots), as the samples within these groups have similar characteristic features and biochemical responses, whereas, dissimilarities between those belonging to the root and shoot tissues. The CA results suggested altogether different responses for the metal-induced stress in root and shoot tissues of the plant. The plants exposed to different Cr concentrations take up metal through their root system and initially accumulate building up high level in root tissues. It has also been reported that most of the chromium taken up by the plants was retained in the roots (Singh et al. [@CR34], [@CR35]; Yu and Gu [@CR43]). Most plants restrict metal transport across the root endodermis (stele), and removing any mobile ions in the xylem by means of storage in cell walls and vacuoles, or binding by the metal-binding proteins such as metallothionines or phytochelatins (MacFarlane and Burchett [@CR17]). A metal concentration gradient, thus build up between the root and shoot tissues of the exposed plants may lead to difference in setting up and magnitude of various biochemical responses in these tissues.Fig. 1Dendrogram showing clustering of root and shoot tissue samples of the chromium exposed plants of *P. stratiotes*

Principal components analysis {#Sec12}
-----------------------------

PCA/FA was applied to the normalized dataset (combined roots and shoots) with a view to evaluate the plant-metal interactions and differences in induced biochemical responses in root and shoot tissues of the plant of *P. stratiotes* exposed to different concentrations of Cr and to identify interdependence of the variables and the factors that influence each one. PCA of the combined dataset yielded three significant PCs capturing 79.7% of the total data variance. The loadings and scores of the first two VFs (VF1 vs.VF2) are presented in Fig. [2](#Fig2){ref-type="fig"}. The first two VFs explaining 61.8% of the total variance (Fig. [2](#Fig2){ref-type="fig"}a) reflected the main groupings in the data set. The VF1 is largely determined by SOD, cysteine, NP-SH, APX and ascorbic acid with strong positive loadings, grouping in the upper right quadrant, whereas, in VF2, Cr-accumulation alone showed high positive loading. A close association of SOD, cysteine, NP-SH, APX and ascorbic acid in first VF can be explained as the Cr-induced oxidative stress enhances generation of the ROS in the plant and the defense mechanism of the plant under stress conditions, utilizes SOD, a protective antioxidant enzyme located in various cell compartments to catalyze the disproportionation of^•^O~2~^−^ to H~2~O~2~ and O~2~ molecules. Simultaneously, the stressed plant cells enhance synthesis of antioxidant compounds (ascorbic acid, cysteine, NP-SH) to counter with the induced stress situation. The NP-SH binds with the metal ions and helps to reduce toxicity. Ascorbic acid which is found at high concentrations in chloroplast and other cellular compartments is crucial for plant defense against oxidative stress (Noctor and Foyer [@CR23]). Ascorbic acid serves as a substrate for APX, a key enzyme of the ascorbate cycle and is converted to dehydroascorbate (DHA) during elimination of peroxides. It is generally believed that maintaining a high reduced per oxidized ratio of ascorbic acid is essential for the proper scavenging of ROS in the cells. This ratio is maintained by monodehydro-ascorbaie reductase (MDAR) and dehydroascorbate reductase (DHAR) which participates in lignin biosynthesis building up a physical barrier against heavy metal poisoning.Fig. 2PCA **a** loadings and **b** scores of the first two VFs obtained for the combined root and shoot dataset of *P. stratiotes*

The scores plot (Fig. [2](#Fig2){ref-type="fig"}b) also suggested a visible differentiation between the root and shoot tissue responses grouping them in two visible clusters. It may be noted that the root tissues differentiated prominently in terms of MDA, SOD, APX, NP-SH, cysteine, ascorbic acid and Cr- accumulation, whereas, response in shoot tissues was more prominent in terms of protein and GPX. This reflects pattern of variation and difference in responses of root and shoot tissues of the plant in terms of dominance of the biochemical variables at all concentrations and durations. A similar trend and pattern of changes for these biochemical variables induced in the roots and shoots of the *P. stratiotes* exposed to Cr have been reported earlier (Sinha et al. [@CR37]).

Further, the differences between the responses of root and shoot tissues of the plant exposed to different concentrations of Cr were investigated through PCA/FA applied to the datasets of the root and shoot tissues, separately. PCA of the root data set yielded three PCs capturing 85.5% of the total variance. VF1 is largely determined by SOD, GPX, cysteine and NP-SH having strong positive loadings. This factor is thus, mainly comprised of variables that generally take part in defense mechanism of the plant under stress and may be termed as 'antioxidant factor'. The protective antioxidant enzymes viz. SOD and GPX located in various cell compartments catalyze the disproportionation of ^•^O~2~^−^ to H~2~O~2~ and O~2~. SOD and GPX in general show simultaneous induction and decline, which may be due to their co-regulation (Shigeoka et al. [@CR31]). On the other hand, VF2 has strong positive loadings on APX, cysteine and Cr-accumulation and strong negative loadings on protein alone. Correlated variables in this factor are mainly indicator of plant stress and hence, this factor may be termed as 'stress factor'. Chromium accumulation is known to create metal stress conditions in the plant. This is reflected in terms of increased level of anti-oxidants in the plant. The third factor exhibited high positive loadings on APX, MDA and ascorbic acid.

A simultaneous interpretation of the scores and loadings suggested that no remarkable changes could be observed in terms of biochemical variables in the plants at low concentrations and durations. Moderate and higher concentrations and longer exposure periods (E2, E3), however, brought significant induction of antioxidant biochemical variables. At higher concentrations and longer exposure periods, the plants experienced higher stress conditions exhibiting remarkable changes in lipid peroxidation as indicated by the anti-oxidant compounds/activities and MDA content. Such a behavior may be due to higher toxicity in the plants creating almost plant death conditions.

PCA/FA performed on shoot dataset also yielded three significant PCs explaining about 84.7% of data variance. The VF1 (46.8%) showed high positive loadings on SOD, cysteine, carotenoid, chlorophyll and protein and high negative loadings on Cr-accumulation. VF2 exhibited high positive loadings on MDA and APX. The inverse relationship between the Cr-accumulation and cysteine, protein, carotenoids, chlorophyll and SOD can be explained in terms of negative influence of increasing metal accumulation on these variables. A reduction in SOD activity may be attributed to inactivation of enzyme by H~2~O~2~, which is produced in different cellular compartments and also from a member of non-enzymatic and enzymatic processes in the cells (Sandalio et al. [@CR29]). In contrast, Yu et al. ([@CR44]) reported that at low Cr(VI) concentration (1.05 mg Cr l^−1^), activity of SOD was slightly decreased compared to control, whereas, with increasing Cr addition, SOD activity gradually increased to the level of control in hybrid willow. The reduced chlorophyll content of leaves is a characteristic symptom of metal toxicity (Hegedus et al. [@CR9]). Yu et al. ([@CR44]) reported no significant difference in chlorophyll a and b contents in hybrid willow exposed to high Cr(VI) concentrations (2.10--12.60 mg l^−1^) as compared to the control. This may be explained by the inhibition of different stages of chlorophyll biosynthesis (Parekh et al. [@CR27]). The decrease in cysteine content in the leaves may be due to decreased activities of sulphate reduction enzymes, ATP sulphurylase and adenosine 5-phosphosulphate sulphotransferase under metal stress (Nussbaum et al. [@CR24]). Higher levels of Cr result in decreasing biosynthesis of protein in the plant tissue (Yu and Gu [@CR42]). The third factor (VF3) capturing 18.2% of the variance, had strong positive loadings on ascorbic acid and NP-SH.

The distribution pattern of scores along with the loadings (Figure not shown for brevity) suggested that the protein content and SOD in the plant tissues are influenced at low metal concentrations and short exposure periods. However, low concentrations with higher exposure periods may bring changes in biochemical responses as well. Both the moderate to higher metal concentrations and exposure periods, however, result in significant changes in GPX activity of the shoot tissues. It may further be noted that higher concentrations of metal even at relatively shorter exposure durations could influence the MDA and ascorbic acid contents and APX activity.

Discriminant analysis {#Sec13}
---------------------

Variations in plant response to Cr-induced stress in terms of biochemical parameters measured in the root and shoot tissues of the macrophyte were further evaluated through discriminant analysis (DA). Linear DA was performed on raw data after dividing the whole data set into two groups (roots and shoots). Discriminant functions (DFs) obtained from the standard, forward stepwise and backward stepwise modes of DA are shown in Table [3](#Tab3){ref-type="table"}. The standard, forward and backward stepwise DA modes constructed DFs including all 9, 5 and 1 parameter, respectively, and rendered the corresponding CMs assigning 100% cases correctly. Forward stepwise DA showed that APX, MDA, SOD, ascorbic acid and cysteine are followed by a single variable (APX) in the backward stepwise DA with same number of correct assignations. Thus, the DA results suggest that APX is the most significant parameter to discriminate between the two different plant tissues (roots and shoots) exposed to chromium, which means that this parameter accounts for most of the expected variations in the biochemical parameters (Table [3](#Tab3){ref-type="table"}). Further, a relative influence of each variable in the DF was determined through the 'standardized discrimination coefficient' (SDC) computed from the values of the coefficients of the DFs (*B*~1~, *B*~2~,...,*B*~*p*~) multiplied with the 'pooled standard deviations'. Consequently, it is obvious that APX and cysteine are the most significance variables in the DFs, which means they have the principal role in the classification of the two clusters analysis groups. Both CA and DA predict important differences in responses of root and shoot tissues in terms of induced biochemical changes in the plant exposed to chromium. DA shows that there are significant differences between the root and shoot responses, that are expressed in terms of single discriminating variable (APX).Table 3Classification functions for discriminant analysis of variation between the root--shoot samples of the exposed plants of *P. stratiotes*Linear Discriminant Functions for GroupsCoefficient^a^RootShootBxPooled SDSDC*Standard mode*APX0.470.350.1283.2010.18Ascorbic acid0.610.400.2028.135.72Cysteine−0.63−1.190.5618.9310.66GPX0.140.21−0.0730.97−2.05MDA−4.49−0.67−3.821.82−6.96Protein8.629.78−1.163.08−3.56NP-SH−0.44−0.590.1513.502.04SOD0.770.460.319.062.83Cr-accumulation0.090.11−0.02198.99−3.81Constant−146.09−107.95*Forward stepwise mode*APX0.230.080.1583.2012.31MDA−5.00−1.45−3.551.82−6.47SOD1.160.890.279.062.48Ascorbic acid0.510.300.2228.136.05Cysteine0.32−0.040.3518.936.67Constant−83.27−29.15*Backward stepwise mode*APX0.230.0980.1383.2010.97Constant−30.77−6.16^a^Discriminant function coefficient for root and shoot samples

The influence of chromium concentration on the plants of *P. stratiotes* was studied through DA performed on measured variables. The category variables (*Y*) were the five different concentrations of chromium to which the plants were exposed. The DFs obtained from the standard, forward stepwise and backward stepwise modes of DA are shown in Table [4](#Tab4){ref-type="table"}. The standard and forward stepwise DA modes constructed DFs including all nine and seven parameter, respectively, and rendered the corresponding CMs assigning 90 and 93.3% cases correctly. Thus, the DA results suggest that except cysteine and NP-SH, all other seven variables are significant parameters to discriminate between the five sets of the plant responses corresponding to different chromium concentrations.Table 4Classification functions for discriminant analysis of chromium concentrationsLinear Discriminant Functions for GroupsCoefficient^a^C0C1C2C3C4*Standard mode*APX0.100.030.030.100.12Ascorbic acid0.320.420.480.470.50Cysteine−1.44−1.49−1.30−1.33−1.30GPX−0.28−0.36−0.26−0.15−0.06MDA7.8911.5410.568.668.47Protein15.8417.5315.9714.7013.49NP-SH−0.64−0.79−0.71−0.78−0.82SOD4.314.953.873.132.36Cr-accumulation0.090.120.120.120.15Constant−194.52−255.63−214.29−176.97−158.50*Forward stepwise mode*Protein12.7914.2613.1211.7510.55SOD2.993.542.651.861.10MDA7.1310.679.797.847.64Cr-uptake0.050.080.090.090.11GPX−0.34−0.42−0.32−0.21−0.12APX−0.18−0.26−0.23−0.17−0.15Ascorbic acid0.330.400.460.440.45Constant−158.34−212.85−181.37−140.97−122.04*Backward stepwise mode*No variables in the model^a^Discriminant function coefficient for different concentrations of chromium

The effect of chromium exposure duration in the plants of *P. stratiotes* was studied through DA performed on measured variables with three different exposure durations (E1, E2 and E3) being the category variables (*Y*). The DFs obtained from the DA are shown in Table [5](#Tab5){ref-type="table"}. The standard and forward stepwise DA modes constructed DFs including all nine and seven parameters (except ascorbic acid and MDA), respectively, and rendered the corresponding CMs assigning 83.3% cases correctly. Thus, the DA results suggest that seven variables are significant parameters to discriminate between the three sets of plant responses corresponding to different exposure durations.Table 5Classification functions for discriminant analysis of exposure timeVariableStandard modeCoefficient^a^E1E2E3APX0.370.310.32Ascorbic acid0.400.370.36Cysteine−0.89−1.03−1.16GPX0.320.350.26MDA0.140.080.17Protein11.4810.7710.20NP-SH−0.76−0.43−0.60SOD−0.76−0.360.04Cr-accumulation0.100.100.10Constant−116.76−114.42−104.17*Forward stepwise*GPX0.350.380.29Cr-uptake0.090.090.09NP-SH−0.250.03−0.14APX0.450.390.39SOD−0.67−0.270.12Protein10.609.949.40Cysteine−1.18−1.31−1.43Constant−95.79−96.43−87.16*Backward stepwise mode*No variables in the model^a^Discriminant function coefficient for different exposure time

Discriminant partial-least squares analysis {#Sec14}
-------------------------------------------

Differences in responses of the root and shoot tissues of the chromium-exposed plants were also studied through DPLS. The loadings and scores plots of first two latent variables (LVs) are presented in Fig. [3](#Fig3){ref-type="fig"}. The scores plots show clear cut groupings of the root and shoot samples (Fig. [3](#Fig3){ref-type="fig"}a), whereas, distribution pattern of response variables pertaining to two groups of samples are displayed in the corresponding loadings plot (Fig. [3](#Fig3){ref-type="fig"}b). Mainly SOD, cysteine, APX, NP-SH, ascorbic acid, MDA, GPX, and chromium-accumulation dominated the root samples, whereas, the shoot samples were dominated by protein alone. The observed differences between the responses of root and shoot tissues to the chromium-induced stress as described by DPLS are in accordance with the expected lines.Fig. 3DPLS **a** scores and **b** loadings of the first two LVs obtained for the root and shoot tissues of *P. stratiotes*

Multi-way component analysis {#Sec15}
----------------------------

Simultaneous influence of the chromium concentrations and exposure durations on biochemical changes in root and shoot tissues of the plant was studied through the multi-way component analysis of the data. The three-way data comprised of metal concentrations, biochemical variables and exposure durations was modeled using the Tucker3 model. Finally, the Tucker model of complexity, (3,3,1), that is three components each in first (concentrations) and second (biochemical variables) modes and single component in third mode (exposures) was selected, which captured 70% of the data variance. The loadings of metal concentrations mode (A), biochemical parameters (B) and exposure durations (C) are displayed in Fig. [4](#Fig4){ref-type="fig"}a--c.Fig. 4Plot of loadings values for the components extracted by Tucker3 model applied to the *P. stratiotes* data set for **a** metal concentrations (A1, A2, A3), **b** biochemical variables (B1, B2, B3), and **c** exposure time (C) mode

The information relating to the metal concentrations is described in terms of loadings of each sample on the three components of matrix **A** (Fig. [4](#Fig4){ref-type="fig"}a). The first component (A1) has high positive loadings on metal concentrations C0--C4 corresponding to the shoot samples and high negative loadings on concentrations C1--C4 in root samples. The second component (A2) has high positive loadings on C0 and C1 in root and C1 in shoot samples and high negative loadings on C4 in both the root and shoot samples. The third component (A3) has high positive loadings on C0 in both the root and shoot samples and negative loadings on C2 and C3 in shoot samples.

The loadings of each biochemical variables on the three components of matrix **B** are shown in Fig. [4](#Fig4){ref-type="fig"}b. The first component (B1) has high positive loadings on APX, ascorbic acid, cysteine, NP-SH, SOD, MDA and Cr-accumulation and negative loadings on protein alone. In second component (B2), protein, NP-SH, and SOD have high negative loadings, whereas, GPX and Cr-accumulation exhibited high positive loadings. In third component (B3), APX, cysteine and SOD have high positive, whereas, MDA and ascorbic acid have high negative loadings. The single component of exposure mode (C) exhibited high positive loadings on all the three exposure durations, which have increasing trend from shorter (E1) to longer (E3) durations (Fig. [4](#Fig4){ref-type="fig"}c).

The core array, G of the model with dimensions, 3 × 3 × 1, is displayed in Table [6](#Tab6){ref-type="table"}. The core element g~*pqr*~ reflects the extent of the interaction between Ap, Bq, and Cr (*p* = 1,2,3; *q* = 1,2,3; *r* = 1). The sign of g~*pqr*~ is determined by the signs of Ap, Bq, and Cr. Since Cr is always positive, we will focus on the signs of other two matrices, Ap and Bq. Analysis of the elements reveals that 100% of the variability of the core is explained by the three elements, (1,1,1), (2,2,1) and (3,3,1). The first core element (1,1,1) with a negative value (−11.26) explains 73.13% of the core variance and reflects the interactions between the first factors in each of the modes (A1, B1, and C1). Since, all the loadings on exposure mode (C) are positive, the signs of the other two modes (A and B) determine the sign of first core element (Henrion [@CR10]; Stanimirova and Simeonov [@CR40]). Hence, this element can be explained through considering interactions between high positive loadings of A1 and high negative loadings of B1 or vice versa (Fig. [4](#Fig4){ref-type="fig"}a,b). From the first combination, it is revealed that at all the metal concentrations; protein content in shoot samples is most influenced at all the exposure durations. The second combination suggests significant changes in the biochemical variables (APX, ascorbic acid, cysteine, NP-SH, SOD, MDA) in root tissues with metal accumulation throughout the exposure.Table 6Core array (G) of the Tucker (3,3,1) model in the unfolded formC1C1C1B1B2B3A1−11.26 (73.13%)0.000.00A20.00−5.60 (18.10%)0.00A30.000.003.90 (8.78%)Values in parentheses denote percent variance

The second core element (2,2,1) of G with a negative value (−5.6) explained 18.10% core variance. It can be explained by interactions among the A2, B2 and C components. Like the first core element, this may also be explained by considering negative loadings in A2 and positive ones in B2 or vice versa along with the positive loadings of C component. The first combination suggests that at highest metal concentration, GPX, both in root and shoot tissues is most influenced with Cr-accumulation. The second combination reveals that even at lowest metal concentration, protein, NP-SH and SOD are significantly affected in both the plant tissues.

The third core element (3,3,1) of G with a positive value (3.90) explained 8.78% core variance. The interactions among the A3 and B3 components with C suggest that MDA and ascorbic acid are the most influenced variables in shoot samples even at moderate metal concentrations during all the exposures.

Conclusions {#Sec16}
===========

Multivariate modeling (CA, DA, PCA/FA, DPLS, three-way analysis) was performed to investigate the chromium-induced oxidative stress and subsequent biochemical changes measured in the plants of *P. stratiotes*. The modeling techniques provided information on differential pattern for the onset and magnitude of the oxidative stress induced in the root and shoot tissues of the exposed plants as a function of chromium concentration and exposure time. Multivariate analysis identified the significant biochemical variables responsible for the discrimination between the root and shoot tissues, and those of relatively higher significance as induced in the plant under the stress conditions. The multivariate approaches, thus, allowed for the extraction of information from the data on the patterns of variation in induced biochemical responses and their inter-relationships in the metal exposed plants. This study shows that application of the multivariate modeling techniques to the complex biochemical datasets obtained through plant nutrition and phyto-remediation research can facilitate the interpretation and visualization of the interrelationships of the variables.
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